Four soil samples (SS-1-SS-4) isolated from semi-arid soils in Punjab, Pakistan were used as inocula for cowpea (Vigna unguiculata L.) grown under salinity stress to analyze the composition of bacteria in the rhizosphere and within nodules through cultivation-dependent and cultivationindependent methods. Two cowpea varieties, 603 and the salt-tolerant CB 46, were each inoculated with four different native soil samples, and data showed that plants inoculated with soil samples SS-2 and SS-4 grew better than plants inoculated with soil samples SS-1 and SS-3. Bacteria were isolated from both soils and nodules, and 34 of the 51 original isolates tested positive for PGPR traits in plate assays with many exhibiting multiple plant growth-promoting properties. A number of isolates were positive for all PGPR traits tested. For the microbiome studies, environmental DNA (eDNA) was isolated from SS-1 and SS-4, which represented the extremes of the Pakistan soils to which the plants responded, and by 16S rRNA gene sequencing analysis were found to consist mainly of Actinobacteria, Firmicutes, and Proteobacteria. However, sequencing analysis of eDNA isolated from cowpea nodules established by the trap plants grown in the four Pakistan soils indicated that the nodule microbiome consisted almost exclusively of Proteobacterial sequences, particularly Bradyrhizobium. Yet, many other bacteria including Rhizobium, Mesorhizobium, Pseudomonas, as well as Paenibacillus, Bacillus as well as non-proteobacterial genera were isolated from the nodules of soil-inoculated cowpea plants. This discrepancy between the bacteria isolated from cowpea nodules (Proteobacteria and non-Proteobacteria) versus those detected in the nodule microbiome (Proteobacteria) needs further study.
A vast literature on microbes other than rhizobia detected within nitrogen-fixing nodules has accumulated, starting with the earliest report made by Beijerinck (1888) who described the isolation of brown and yellow-colored Bacillus-like strains from root nodules. Since then, culture-4 dependent studies have pointed to a much higher diversity of bacteria associated with root nodules beyond rhizobia. Many of these bacteria do not fix nitrogen and are not members of the Although semi-arid regions in Pakistan have a large biodiversity of rhizobial resources, only a few of them have been extensively studied using molecular approaches and thus the microbial diversity of cowpea-nodulating rhizobia and associated nodule bacteria in semi-arid soils remains largely unexplored. Our goal was to assess the effect of native soil microbial communities on the composition of the cowpea nodule microbiome under various salinity conditions. We predicted that we would find bacteria with plant growth-promoting characteristics in addition to rhizobia within cowpea root nodules inoculated with soil from Pakistan, and that these arid-soil adapted strains could enhance the rhizobia-legume interaction under climate-change conditions.
Materials and methods
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Soil sampling and physicochemical analysis. Mandi Bahauddin, a fertile agricultural belt where the main crops are wheat, maize, sugarcane, chickpea, cowpea, and tobacco, is a district of Punjab, Pakistan. It is situated at 32°35′10″ N, 73°36′12″ E and is bordered in the northwest by the Jhelum river and in the southeast by the Chenab River (Fig. S1 ). Cowpea fields that covered an area of approximately 1.5 km made up the study site and the sampling areas were selected , and calcium and magnesium were detected by atomic absorption spectrometry. Nitrate ions were measured by the Raney-Kjeldahl method and potential acidity (H + Al) was determined by an equation based on the pH in SMP buffer solution (pH SMP). Cation exchange capacity (CEC) is the capacity to retain and release cations (Ca 2+ , Mg 2+ , K + and Na + ) and the sodium adsorption ratio (SAR) is the measure of soil sodicity, which is calculated as the ratio of sodium to magnesium and calcium.
Soil eDNA extraction. Environmental DNA (eDNA) was isolated from two of the four rhizosphere soil samples, SS-1 and SS-4, using the QIAGEN DNeasy Power Soil Pro DNA 6 isolation kit. Two PowerBead tubes containing 0.5 g for each sample were used for the isolation.
The eDNA was sent to MR DNA (Shallowater, TX) for sequencing using the Illumina platform (San Diego, CA). 
Soil
Isolation of bacteria from root nodules of cowpea for cultivation-dependent and
cultivation-independent analyses. Root nodules were surface sterilized in 10% bleach for 5 min, washed with sterile water 10 times, and then squashed in 50 μL of sterile water with a sterile glass rod. The nodule squashate was serially diluted from 10 -1 to 10 -5 . Approximately 50 μL of dilutions 7 ranging from 10 -3 to 10 -5 were spread onto 3 different culture media: TY (Tryptone Yeast Extract), TSA (Tryptone Soya), and AG (Arginine Glycerol) agar, and plates incubated at 30°C usually for 2-3 days. However, for selecting slow growing bacteria like the actinomycetes, the plates were incubated for about a week. Bacterial colonies were counted and number of bacteria per gram of sample was calculated. The bacterial isolates were repeatedly sub-cultured to obtain single colonies, which were grown in TY, TSA, and AG broth and stored in 15% glycerol at −80°C for subsequent characterization.
For the cultivation-independent analysis, surface-sterilized nodules from plants grown in the different saline soils were crushed as described above, and eDNA was extracted from the crushed nodules using the QIAGEN PowerSoil DNA Isolation Kit. The eDNA was stored at -20°C and sent to the Joint Genome Institute for paired-end sequencing using the KAPA-Illumina library creation kit (KAPA Biosystems) and the HiSeq-2500 Illumina platform (San Diego, CA). A data cleaning process was applied to all sequences prior to analysis. Low-quality bases with a Phred quality value lower than 20 were trimmed off the read ends. To determine the taxonomic composition of the microbiome, the 16S rRNA gene sequences were extracted from the metagenomic shotgun sequencing data using a mapping-based method similar to that described by Phylogenetic analysis. Acquired sequences were assembled and analyzed with the help of Chromus Lite 2.01 sequence analysis software (Technelysium Pty Ltd. Australia). The gene sequences were compared to those deposited in the GenBank nucleotide database using NCBI BLAST. Sequences were aligned using Clustal X 2.1 and a phylogenetic tree was constructed using the neighbour-joining method (Saitou and Nei 1987). Bootstrap confidence analysis was performed on 1000 replicates to determine the reliability of the distance tree topologies obtained. 
Assays for plant growth promotion.
Phosphate solubilization assay. Pikovskaya phosphate medium (PVK) was made according to Pikovskaya (1948) . For inoculation onto plates, the bacterial strains were grown in liquid medium until stationary phase, followed by harvesting of cells by centrifugation (8000 × g, 10 min). The pellets were then washed three times with sterile water for removing any traces of the medium. After diluting the bacterial suspension with sterile water (OD600 = 0.2), ten μL of it was spotted onto the plates. The plates were then incubated at 30 °C for 3 days and the size of the clearing zone around the colony was measured.
A quantitative analysis of P-solubilization of bacterial isolates was done by the molybdate blue color method (Watanabe and Olsen 1965). Available P was calculated after 7 and 14 days.
Cell-free supernatants were used for the quantification of P-solubilization. After recording the pH of the cell-free supernatants, they were filtered through 0.2 μm sterile filters (Orange Scientific GyroDisc CA-PC, Belgium) to remove any residues. Solubilized phosphates (primary and secondary orthophosphate) were measured by spectrophotometry (Camspec M350-Double Beam UV-Visible Spectrophotometer, UK) at 882 nm, and values were calculated using a standard curve (2, 4, 6, 8, 10, 12 ppm KH2PO4 solutions).
Siderophore assay. CAS agar medium devoid of nutrients was used as an indicator of siderophore presence. The components needed for a liter of the overlay medium were as described in Perez-Miranda et al. (2007) . Ten mL of a 0.9% CAS agar gel was spread as an overlay on culture plates of selected strains grown for 4 days on two solid media (LB and TY). After a maximum 10 period of 15 min, a color change in the blue medium was observed around the colonies. The experiment was repeated three times.
Hydrogen cyanide production assay. HCN detection was done using filter papers (soaked in 0.5% picric acid in 2% sodium carbonate), which were placed on the lid of the Petri plate (Sadasivam and Manickam 1992). (Table S1 ). Soil temperatures ranged from 29.2 to 38.1 o C, with the highest values detected in SS-3 and the lowest in SS-1 (Table   S1 ). Moisture ranged from 18-24% with the highest in SS-4 and the lowest in SS-1 (Table S1 ).
The available P, K, Ca, and Mg contents were lower in SS-3 compared to SS-2 and SS-4. CEC values ranged from 58.98 to 67.52 mg/dm 3 and SAR (Sodium Adsorption Ratio) values from 10.41 to 12.42 with the highest value in SS-1 and the lowest value in SS-2 (Table S1 ).
Results of trap experiments.
Trap experiments with cowpea were pursued because we hypothesized that this important crop legume would form root nodules that contained not only nitrogen-fixing bacteria, but also "helper" bacteria that promoted cowpea growth in these soils based on previous studies (Martínez-Hidalgo and Hirsch 2017). Plant growth-promoting responses such as changes in shoot length, plant biomass, and number of nodules per plant were recorded for control cowpea and for cowpea plants grown in pots under different salt stress conditions. The largest increase in shoot length occurred in cowpea 603 plants inoculated with SS-4 ( Fig. 1, Fig. S2 ). SS-1 and SS-3-inoculated plants overlapped in shoot length with the uninoculated controls whereas both SS-2 and SS-4-grown plants exhibited shoot lengths equivalent to the +N control. Also, shoot length increased slightly more in control soil-inoculated cowpea 603 plants than in cowpea 603 and CB 46 plants grown under salinity stress (Fig. 1) . 12 Cowpea 603 plants grown in +N medium without salt were green and healthy whereas when they were grown in SS-1 and SS-3, the 603 plants were yellow and showed limited root development, most likely because of the higher salinity of these soils. The salt-tolerant CB 46 cowpea was less affected by the SS-1 and SS-3 soils than cowpea 603, and in SS-2 and SS-4 soils, both cultivars were more similar in appearance to the no-salt control even when grown under salt stress (Fig. S2 ).
The relative increase in plant biomass varied between 35-68% in treated cowpea 603 plants grown under normal soil conditions over the control (without soil inoculum). Treated cowpea 603 and CB 46 plants grown under salinity stress showed a 10-49% and 20-52% increase in plant biomass, respectively ( Fig. 1; middle row) . In addition, cowpea 603 and CB 46 plants inoculated with SS-2 and SS-4 soils produced more (or slightly more) nodules per plant compared to plants inoculated with SS-1 and SS-3 under normal as well as salinity-stress conditions although salinity stress did have an inhibiting effect on nodule number, which to some extent was mitigated by the CB 46 genotype (Fig. 1; bottom row) .
In summary, plants inoculated with SS-2 and SS-4 showed overall better results in comparison to plants inoculated with SS-1 and SS-3 under both normal and salinity stress conditions. The differences in moisture, OM, and available mineral contents between SS-1 and SS-3 soils versus SS-2 and SS-4 soils may explain the different growth effects of the cowpea cultivars. eDNA analysis of SS-1 and SS-4. We chose two of the four rhizosphere soils tested above for eDNA analysis. SS-1 was an example of a soil that when added to the trap plant pot did not increase plant growth over the control; it was more saline and drier than the other soils. In contrast SS-4, the sample that resulted in growth stimulation, had the lowest electrical conductivity and the closest to neutral pH of the four soils tested. 13 A comparison of the microbial eDNA shows the overall pattern of bacterial sequences in the two samples (Fig. 2) . Both SS-1 and SS-4 soils are dominated by Actinobacteria, Firmicutes, and Proteobacteria. The relative abundance of actinobacterial eDNA sequences was not much different between the two soil types (28.0 vs. 27.4%; SS-1 vs. SS-4) but differed slightly for the Firmicutes (28.5% vs. 26.4%) and Proteobacteria (23.6% vs. 24.9%) suggesting a possible trend.
The values for Acidobacteria (6.7% vs. 7.4%) and Chloroflexi (5.5% vs. 6.8%) also varied depending on the soil sample (Table S2 ). In addition, eDNA relative abundances also differed between the SS-1 and SS-4 treatments. The general trend for the less-represented phyla was a reduction in DNA sequence abundance in SS-4 except for Nitrospirae, which increased. Phyla with DNA sequence abundance levels below 0.5% are also listed in Table S2 .
Nodule microbiome analysis. Investigations of the nodule metagenomes from SS-1-
SS-4 (nodule samples were designated sn1-sn4) showed that the dominant bacterial species in all the cowpea nodule microbiomes was the alpha-proteobacterial genus Bradyrhizobium based on relative abundance ( Fig. 3 ; Table S3 ). We could not determine with certainty the identity of the Hyphomicrobiaceae (Rhodoplanes) and Phyllobacteriaceae (Mesorhizobium) were found in the four nodule microbiomes at much lower abundances (sn1, 0.7%; sn2, 8.3%; sn3, 2.1%; and sn4, 0.3%). Other Proteobacteria detected within the nodule microbiome, albeit at very low abundance, 14 included Acidophilium (Alphaproteobacteria, Acetobacteraceae) and Pseudomonas (Gammaproteobacteria, Pseudomonadaceae) (Table S3 ). The "other Proteobacteria" category exhibited a relative abundance of 3.2%, 3.8%, 3.4% and 2.8% for sn1-sn4 microbiomes. Finally, the grouping designated "non-Proteobacteria (others)" accounts for an average of 0.1% in relative abundance for sn1-sn3 and zero for sn4. These values are so low as to be undetectable in the bar graph ( Fig. 3) .
Isolation and characterization of nodule bacterial isolates and their identification.
A total of 51 bacterial isolates were isolated from cowpea nodules of plants grown in the four different soil samples (Table S4 ). Most of the isolates grew well at pH 6-8, on 1-3% NaCl, and at 28-37°C, but only 35-40% of the bacterial isolates (Bacillus and some Pseudomonas strains) grew at 4 or 42°C (data not shown).
Following a thorough morphological and physiological characterization, 34 nodule isolates were selected and identified by 16S rRNA gene analysis to the closest related species. According to the sequence match results, the bacterial strains identified from root nodules of cowpea mainly belonged to bacterial genera often shown to be plant-growth promoting rhizobacteria (PGPR) namely, Mesorhizobium, Sinorhizobium, Bradyrhizobium, Paenibacillus, Bacillus, Pseudomonas and others (Table 1) . Among the PGPR were the actinomycetes Frankia sp DSM 45818 (CPN9), Streptomyces galilaeus (CPN7), and S. griseoaurantiacus (CPN8), which were isolated from nodules. Several isolates were identified as pathogens or nosocomial pathogens including (Table 1) .
Plant-growth promoting abilities of bacterial strains. Isolated bacterial strains were
tested for several plant-growth promoting traits including phosphate solubilization, and siderophore and HCN production. Of the 34 isolates, nineteen strains were able to solubilize phosphate with the maximum activity (142.23 μg/ml) exhibited by strain CPN35. Eight strains were positive for siderophore production, and 12 strains were positive for HCN production (data not shown).
Antifungal activity of bacterial strains. The 34 16S rRNA gene sequence-identified bacterial isolates were tested for antifungal activity against five fungal pathogens: Fusarium oxysporum, Fusarium solani, Curvularia sp., Alternaria solani, and Aspergillus flavus. The details of which bacterial strains are effective against the various fungi are shown in Table S5 .
Extracellular enzymes production by bacterial isolates as mechanisms of fungal
growth inhibition. The ability of bacterial strains to produce extracellular enzymes such as cellulase, lipase, chitinase, amylase, and protease was also assessed. The strains varied in their ability to produce lipase, chitinase, cellulase, amylase, and proteolytic enzymes (Table S6 ).
Discussion
Because arid countries such as Pakistan, which have highly saline soils, are often the first to respond to increasing temperatures brought about by a changing climate, we pursued an investigation of the effect of salinity and aridity on the soil microbial communities that make up Bradyrhizobiaceae require long incubation times before colonies become apparent on plates, and in most cases, the cowpea nodule isolate incubations in our study did not exceed one week. For many of the slow-growing Bradyrhizobiaceae (Bosea. Rhodopseudonomas, Afipia, and others), longer time periods (at least 2 weeks) are often needed for growth after isolation from nodules and transfer to culture medium. However, a phylogenetic analysis (Fig. 4) of the bacterial root nodule isolates of cowpea 603 and CB46 plants inoculated with the saline soil samples demonstrated that many were members of either Rhizobiaceae or Bradyrhizobiaceae strongly suggesting that these genera are not contaminants.
In any case, we do not know the reasons for the difference in relative abundance between the rhizobial data obtained from the microbiome analyses and the isolation methodology. Studies Firmicutes and Actinobacteria were isolated from surface-sterilized nodules, and our results and those of others demonstrate that these two groups are well-represented among the nodule isolates. 18 For example, both Streptomyces and Frankia (Table 1) Fig. 4) .
In reference to the rhizosphere, an analysis of the SS-1 (growth-inhibiting) and SS-4 (growth-promoting) rhizosphere soils demonstrated the former was more saline and drier than the latter. These features as well as the reduced levels of available P, K, Ca, ,and Mg as well as organic matter and higher sodicity values of the SS-1 compared to SS-4 soil most likely explain the lack of fertility in SS-1 soil as well as its reduced effect on plant growth.
Summary
Numerous bacteria were detected and isolated from the SS-1 and SS-4-grown cowpea nodules. Some were found to promote plant growth directly by nitrogen fixation and mineral solubilization, while others indirectly by production of antibacterial and antifungal compounds (Malik et al. 1997; Gupta et al. 2015; Goswami et al. 2016 ). Many of the isolates obtained in this study were positive for more than two PGPR traits. Several of the strains were likely to have nitrogen fixation ability and greater than 55% of bacterial isolates from cowpea nodules exhibited phosphate-solubilizing ability. Finally, the majority of the Pseudomonas, Bacillus, and Enterobacter strains isolated from cowpea nodules were positive for siderophore and HCN production. Our study also showed that isolates belonging to Pseudomonas, Paenibacillus, and 
